Abstract. Global differences in the observed causes of chronic kidney disease (CKD) in children are well documented and are attributed to dissimilarities in clime, race, hereditary, and ancestry. Thus, familial clustering and disparities in CKD prevalence rates across ethnic and racial groups indicate that the progression of renal disease has a strong genetic component. Mammalian studies have demonstrated a feasible nexus between nutrition and non-genetic exposure (around the time of conception and in epigenetic changes) in the expression of major genes identified in renal organogenesis. The major consequence is a reduction in the number of nephrons, with subsequent predisposition to hypertension and CKD.
Introduction
Chronic kidney disease (CKD) contributes significantly to the global health burden; it has an estimated prevalence of 8-16% worldwide and results in millions of mortalities annually, due to poor access to affordable treatment in resource-limited settings (1, 2) . CKD is an important determinant of the poor health outcomes of major non-communicable diseases, and is a notable risk multiplier in patients with diabetes and hypertension (3) . There is a paucity of data regarding the epidemiology of the early stages of pediatric CKD, as a result of under-diagnosis and under-reporting. However, statistics indicate that congenital disorders, including congenital anomalies of the kidney and urinary tract, and hereditary nephropathies, are responsible for approximately 2/3 of all cases of CKD in developed countries, whereas acquired causes predominate in developing countries (4) . There are very clear geographic diversities in the reported causes of pediatric CKD, which are attributed to dissimilarities in clime, race, hereditary and ancestry (5) . Thus, familial clustering and disparities in CKD prevalence rates across ethnic and racial groups indicate that progression of renal disease has a strong genetic component (6) (7) (8) (9) .
Previous hereditary-associated studies have revealed common loci that may increase CKD risk (10) . However, the majority of risk alleles for CKD identified by the genome-wide association studies (GWAS) confer only a very small relative risk. For example, the CKD Genetics study groups conducted a meta-analysis of GWAS data in 67,093 subjects of Caucasian descent from 20 predominantly demographic studies; the 16 analyzed loci accounted for only 1.4% of the variation in estimated glomerular filtration rate, indicating that other hereditary and non-genetic factors may be associated with CKD risk (10) . According to this concept of 'missing heritability', epigenetic modifications presumably contribute to the inherited risk for CKD, as well as contribute to the explanation for the environmental influence on the human genome, which alters an individual's susceptibility to disease. Although there is no change in DNA sequence, modification in genome structure results in heritable and potentially reversible alterations in gene expression (11) . Notably, mammalian studies have demonstrated a feasible link between nutrition and non-genetic exposure, around the time of conception, as well as in epigenetic changes, in the expression of major genes identified in renal organogenesis (11) . The major consequence is the reduction in the number of nephrons, with subsequent predisposition to hypertension and CKD. Similarly, adverse intrauterine and postnatal conditions have a prolonged role in the evolution of CKD over the lifetime of an individual. Such adverse intrauterine conditions include small-for-gestational age infants or conversely, macrosomic infants of diabetic mothers. In addition, poor diabetes control ≥25 years earlier leads to increased susceptibility to nephropathy regardless of a decade of excellent glycemic control (the 'metabolic memory' phenomenon). Identifying these epigenetic changes is crucial because of their potentially reversible nature; these epigenetic changes may serve as future therapeutic targets to prevent kidney fibrosis and CKD (11) . Despite the increase in epigenetic research and the rising evidence of its relevance in the evolution of various complex disease traits, it is more prominent in oncology. Although the deviation into epigenetics by other subspecialties remains tentative, such research is largely experimental with few existing reports regarding the clinical implication of epigenetics in kidney disease (12) . The aim of the current review was to appraise the role of epigenetics in CKD, and highlight potential future therapeutic pathways.
Epigenetics: Definition and pathophysiology
The term 'epigenetics' is best understood within the context of the interaction between the gene and the environment (Fig. 1) . From a historical perspective, the definition of the term has metamorphosed over the years from its original coinage and meaning by Slack (13) . More than 10 years later, another author defined 'epigenetic systems' as supportive processes involved in ascertaining the specific genes that will be expressed in any individual cell (14) . Following the identification of heritable models of DNA methylation, the hypothesis that epigenetic characteristics were inherited as controlling indicators coupled with the genome predominated. Epigenetics was subsequently defined as the investigation of mitotically and/or meiotically inheritable alterations in gene expression, which are not associated with alterations in DNA sequence (15) . The identification of the regulatory function of histone post-translational modifications and their reciprocal association with transcriptional states encouraged a more relaxed use of the term 'epigenetics', to refer to any molecular imprint located on chromosomes (particularly histone marks) and loosely defined as the configurational adjustment of chromosomal loci in order to express, indicate or prolong altered activity (16) . Simultaneously, a narrower definition was suggested as a consistently inheritable phenotype due to changes in a chromosome, which are not associated with alterations in the DNA sequence (17) . Subsequently, epigenetics came to be defined as the inheritance of variation (-genetics) above and beyond (epi-) alterations in the DNA sequence (18) . Therefore, three main epigenetic mechanisms are recognized in mammals as follows: Changes in DNA methylation, histone post-translational modifications and RNA interference (non-coding RNAs) (19) . DNA methylation is an important epigenetic factor that is responsible for the control of gene expression and genomic consistency, and is biologically vital for the preservation of various physiologic activities of the cell (20) .
The epigenome is the interconnecting point of genetics and environment, which stimulates changes that modulate disease phenotype by direct effect on the target gene, irrespective of changes in sequence within the gene (Fig. 2) . Possible triggers include environmental signals and pathologic states, such as diet, exercise, inflammation, oxidative stress, metabolic changes and toxins (21) (22) (23) . Epigenetic changes are potentially reversible (24, 25) ; notably, to simple measures, such as lifestyle modifications and nutrient supplementation (26) (27) (28) (29) .
Regarding the pathophysiology of epigenetic processes, DNA methylation occurs at the 5-cystine of CpG dinucleotides. Briefly, hypermethylation switches off the gene expression (gene silencing), while hypomethylation switches it on or leads to the re-expression of a normally silenced gene. Hypomethylation and genomic disequilibrium results from imbalances in dietary nutrients, such as folate (29) . Methyl groups originating from the diet are passed on to DNA via folate and methionine pathways, and 5-methyl cytosine content is modified by the nutritional accessibility to folate (19) . Furthermore, infections (particularly viral infections) initiate DNA methylation. Thus, variations in DNA-methylation patterns occur following dietary changes, inherited genetic polymorphisms and exposure to environmental factors.
Additionally, with respect to histone modification, DNA is transcriptionally active when histones are acetylated and unmethylated, whereas deacetylated and methylated histones block gene expression (30) . Histone methylation occurs on Arg or Lys residues, with a discriminating site selectivity for Lys methylation at specific positions in the N-end points of histones H3 and H4. Thus, Lys methylation is added to acetylation and phosphorylation as a third component of a 'histone code', which alters the fundamental chromatin makeup of the genome. The adjustment of this 'histone code' influences the maintenance of gene expression with inheritable epigenetic patterns (31) .
Finally, cleavage and degradation of microRNA (miRNA) block translational mechanisms and prevent protein formation, resulting in silencing of gene expression. Double-stranded RNAs also cause transcriptional silencing via methylation of homologous DNA promoter sequences (32) and/or formation of heterochromatin (33) . This RNA interference is vital for the evolution of kidney disease (12) , as miRNAs are critical in the preservation of glomerular balance (34).
Role of epigenetics in CKD
A recent review highlights various evidence-based studies, which show the association between the intrauterine environment/number of nephrons, and the development of nephropathy (35) . For example, epidemiologic data has revealed an association between low birth weight and subsequent non-communicable diseases, such as adult hypertension, diabetes, cardiovascular disease and CKD (36) . Furthermore, a direct correlation between low birth weight and microalbuminuria has been reported in insulin-dependent diabetes mellitus (IDDM), as well as in older non-diabetic subjects (37) . Low birth weight also directly correlates with albuminuria in non-IDDM and with the progression of CKD (37) . Notably, findings from animal and human studies support the hypothesis that low birth weight (a reflection of an unfavorable intrauterine environment) is accompanied by a reduction in the number of nephrons at birth (37) . In man, the ultimate acquisition of nephrons depends on the intrauterine milieu and gestational age at delivery, as post-natal nephrogenesis is absent. Growth-retarded stillbirths and live-born infants with intrauterine growth retardation demonstrated a diminished number of nephrons when compared with control infants whose birth weights were appropriate for their gestational age (38) . However, the caveat is that normal birth weight is not often synonymous with a conventional number of nephrons. To further support these observations, autopsy studies in adults indicated a significant correlation between birth weights/number of nephrons, and mean arterial pressure (39) . A previous study described a case series (n=6) of focal segmental glomerulosclerosis (FSGS) where the clinicopathologic results strongly agreed with the secondary form of FSGS, in which the only observed risk factors were prematurity and very low birth weight (40) .
There is substantial evidence showing the role of key epigenetic mechanisms in the progression of CKD. A previous study observed a difference in DNA methylation patterns identified in renal fibroblasts between normal and diseased kidneys (41) ; DNA methylation may regulate fibroblast multiplication and contribute to renal fibrogenesis. For example, in the study, experimental murine models treated with 5-azacytidine, in which DNA methylation was impeded, experienced protection from kidney fibrosis. The observation further underscores the fact that hypermethylation contributes to renal fibrogenesis, and is the first report to show that DNA methylation directly affects the evolution of CKD. In addition, these investigators also demonstrated that hypermethylation of RAS protein activator like-1 was associated with the sustenance of fibroblast proliferation and renal fibrogenesis (41). Although the various histone modifications in the human kidney have not been evaluated with respect to CKD, studies conducted in various murine models of nephropathy indicate major disparities in the 'histone code' (35) . Certain studies demonstrated that elevated levels of renal H3K9 and H3K23 acetylation, H3K4 dimethylation and H3 phosphorylation at serine 10 were noted in murine models of advanced diabetic nephropathy (42, 43) . Furthermore, there are experimental instances showing the effect of posttranslational histone modifications, which induce renin cell identity. Using a cultured renin linage cell system, studies observed that its gene expression memory is maintained in the cultured cells and may be re-enacted by cAMP and chromatin remodeling (histone H4 acetylation) (44) . Other investigators also noted that CREB-binding protein and p300 (which possess histone acetyltransferase activity) are vital for renin cell distinctiveness, as well as the integrity of the renal architecture (45) .
Finally, the evidence for the role of RNA interference in CKD includes the following: First, one study demonstrated that after dicer (miRNA-generating enzyme) was inactivated in murine podocytes, the experimental mice presented with proteinuria and subsequently succumbed due to renal failure (46) . The glomeruli have demonstrated effacement of the foot process, podocyte cell death, expansion of the mesangium and glomerulosclerosis (47) . Additionally, previous studies have identified that disruption of miRNA biogenesis in murine podocytes was followed by proteinuria, podocyte dedifferentiation and crescent structure resulting in end-stage renal disease (ESRD) (48, 49) .
Future therapeutic trajectories
Control of the epigenetic gene is hypothetically compliant to interventional measures given the non-mutation of the gene by methylation and the fact that the chromatin is not irreversibly changed (12) . An interventional study evaluated the outcome of folate administration on DNA methylation in ESRD subjects with hyperhomocysteinaemia (50); the preliminary findings support a previous observation that hyperhomocysteinaemia-induced DNA hypomethylation could be reversed by administration of folate (51) .
Notably, numerous epigenetic therapeutic agents are in various developmental phases despite their limitation in target specificity (52) . Certain epigenetic therapeutic agents include nucleoside and non-nucleoside analogs, which are also known as inhibitors of DNA methylation (52) . For example, myelodysplastic syndrome and secondary acute myeloid leukemia, which are unresponsive to conventional chemotherapy, have been managed with DNA methyltransferase inhibitors, including 5-azacytidine and decitabine with favorable outcomes (53) .
Furthermore, inhibitors of histone deacytylase, which consist of a large, heterogeneous group of therapeutic agents comprising short-chain fatty acids, hydroxamic acids, benzamides and cyclic tetrapeptides are also within the future treatment trajectory for CKD. Specifically, all trans-retinoic acids and 13-cis-retinoic acid are triggers of hyperacetylation. In addition, they are being used experimentally in the treatment of pauci-immune vasculitis (12) . On a theoretical basis, small interfering RNA may be employed to treat any disease arising from overexpression of a distinctive gene. Therefore, this technique might be applicable to genes implicated in inflammation, proliferation and fibrosis. In fact, nucleic acid-based interventions are currently being performed for atherosclerosis and progressive renal diseases (54) . As there are more breakthroughs regarding the role of epigenetics in CKD, it is hoped that novel markers for diagnostic purposes, as well as treatment-driven molecular pathways will continue to emerge in the field of renal medicine.
Conclusion
Advances in comprehending epigenetic alterations in the evolution of CKDs may significantly predict the speed of disease progression, develop targeted treatment strategies in preventing its progression, and provide an efficient management of uremia-associated complications (12) . The current limitation of epigenetic therapeutic agents, which remain largely in the developmental stage, is their lack of target specificity. Furthermore, there are ongoing efforts to conduct gene expression studies and epigenomics analysis to identify novel diagnostic and prognostic markers for progressive renal diseases. Therapeutic trajectories for CKD in children based on the influence of epigenetics may in future revolutionize the management of CKD.
